The stromal processing peptidase (SPP) is a metalloendopeptidase that cleaves a broad range of precursor substrates. In this study, we isolated a rice mutant showing leaf chlorosis at the early seedling stage but inhibition of root growth during the whole growth period. Genetic analysis demonstrates that the phenotypes of the mutant were caused by a recessive single gene mutation. The mutated gene was cloned by map-based cloning, and was shown to encode an SPP. Sequence analysis showed a glutamate deletion in the highly conserved C-terminus of SPP in the mutant. The mutation of SPP in the mutant was verifi ed by transgenic complementation. SPP is constitutively expressed in all tissues. Subcellular localization analysis indicates that SPP is targeted to the chloroplast. The expression of some genes associated with chloroplast development was decreased in young seedlings of the spp mutant, but not in 14-day-old seedlings. Western blot analysis revealed that the Rubisco small subunit is not precisely processed in the spp mutant in 7-day-old seedlings, but the processing activity in the spp mutant is restored in 14-day-old seedlings. Moreover, the expression levels of Cab1R and Cab2R for the light-harvesting chlorophyll a / b -binding protein (LHCP) were highly up-regulated in the transgenic plants with overexpression of SPP . The present results reveal that SPP is essential for chloroplast biogenesis at the early growth stage and for rice root development; this is the fi rst report on the function of SPP in monocot plants.
Introduction
The chloroplast, a multifunctional organelle, is the site of photosynthesis and also houses an amazing array of biosynthetic pathways needed for normal plant growth and development. Chloroplast development is tightly regulated by the coordinated expression of plastid-encoded and nuclear-encoded genes during leaf development. The precise coordination of gene expression through two-way signaling between plastids and the nucleus is essential for chloroplast biogenesis in plant cells ( Mandel et al. 1996 , Koussevitzky et al. 2007 , Yoo et al. 2009 ). The protein products of nuclear-encoded genes involved in chloroplast development are generally synthesized as precursor proteins with cleavable N-terminal chloroplast transit peptides, which direct the transport of the precursor across the chloroplast envelope into the stroma, where it is cleaved off by a stromal processing peptidase (SPP) ( Su et al. 1999 , Chew et al. 2004 .
The general SPP from pea has been characterized ( Oblong and Lamppa 1992 , VanderVere et al. 1995 , Richter and Lamppa 1998 , Richter and Lamppa 1999 , Richter and Lamppa 2002 . It is a member of a class of metallopeptidases that possess a signature zinc-binding motif (HXXEH) at the catalytic site. Although these members most probably share a common catalytic mechanism that depends on the zinc-binding domain ( Becker and Roth 1992 , Perlman et al. 1993 , Kitada et al. 1995 , Striebel et al. 1996 , they have different substrate specifi cities ( Rawlings and Barrett 1995 ) . The general SPP cleaves not only pre-LHCP (the major light harvesting chlorophyll a / b -binding protein) and pre-RbcS (ribulose-1,5-bisphosphate carboxylase/ oxygenase small subunit), but also a broad range of imported precursors destined for different compartments and biosynthetic pathways of the chloroplast ( VanderVere et al. 1995 , Richter and . Although most of the precursors (the substrates of SPP) are targeted to the chloroplast stroma, there are also precursors which are targeted to other cell organelles, including the precursors of pyruvate kinase isozyme A which are found only in the stroma of leucoplasts, and glutathione reductase which is dually targeted to the chloroplast stroma and mitochondrial matrix ( Creissen et al. 1995 , Wan et al. 1995 .
A Rice Stromal Processing Peptidase Regulates Chloroplast and Root Development
The down-regulation of SPP in transgenic plants using an antisense cDNA construct has provided additional insight into the role of SPP in vivo ( Wan et al. 1998 , Zhong et al. 2003 . When SPP transcript levels were reduced 5-fold in tobacco, plants were found to alter chloroplast biogenesis at multiple levels, consequently resulting in slower shoot and root growth ( Wan et al. 1998 ) . In Arabidopsis, a large percentage of SPP antisense transgenic plants were seedling lethal, indicating that normal levels of SPP are essential for plant viability. In surviving plants, shoot and root morphology was severely altered, and leaves showed green and white sectors ( Zhong et al. 2003 ) . Chloroplasts from transgenic antisense tobacco had lost their ability to translocate precursor proteins, including pre-LHCP and pre-RbcS, effi ciently across the envelope ( Wan et al. 1998 ) . Using green fl uorescent protein (GFP) fused to a transit peptide, yielding TP-GFP as a reporter in the Arabidopsis antisense plants, Zhong et al. (2003) found that TP-GFP was not imported into chloroplasts but remained primarily in the cytosol. In tobacco SPP antisense plants, TP-GFP was also mainly localized in the cytosol ( Zhong et al. 2003 ) . These results indicate that proteins targeted to the chloroplast are regulated by SPP , and translocation through the outer membrane of the chloroplast (Toc) and the inner membrane (Tic) is impeded. It appears that precursor cleavage does not function independently in the stroma, but the activity of SPP infl uences a complex series of steps in the import pathway.
Functional analysis in tobacco and Arabidopsis using antisense technology demonstrated that SPPs share a conserved function among dicots ( Wan et al. 1998 , Zhong et al. 2003 . The understanding of the function of SPP in monocots, however, is still limited. In this study, we isolated a rice spp mutant. The mutant has defects in chlorophyll synthesis and chloroplast development at the early seedling stage, and also in root growth during the whole growing period. Our results suggest that SPP may share a conserved function between rice and dicots.
Results

Isolation and phenotypic characterization of the mutant
A mutant with leaf chlorosis at the early seedling stage and retarded root growth during the whole growth period was isolated from an ethylmethane sulfonate (EMS)-generated rice mutant library ( Oryza sativa L. Indica cv. Kasalath). The mutant plants were smaller than the wild type (WT) throughout the whole growth stage ( Fig. 1A-D ) . After 2 weeks, the leaves of the mutant gradually turned green but the root growth was still retarded. At maturity stage, the mutant plants exhibited a lower tiller number and panicle number and fewer seeds per panicle compared with WT plants ( Fig. 1C, D ; Supplementary  Table S1 ). Adventitious root (AR) and lateral root (LR) elongation were severely inhibited in the mutant ( Fig. 1E, H ). Methylene blue staining ( Wang et al. 2006 ) of 7-day-old seminal roots of WT and mutant seedlings showed that the LR primordia of the mutant were signifi cantly reduced in the mutant ( Fig. 1F, I ). Cross-sections of the stem base from 3-day-old seedlings showed that the AR primordia can normally initiate in the mutant ( Fig. 1G ). 
Chlorophyll content and chloroplast development in the mutant
At the 7-day-old seedling stage, chlorophyll content was decreased remarkably in the mutant ( Fig. 2A ). The quantities of chlorophyll were 0.97 mg g − 1 FW in the mutant, which are 32 % of those in the WT. After 2 weeks growth, the total chlorophyll content of the mutant increased > 3 times more than in the 7-day-old seedlings ( Fig. 2A ) , which is consistent with the phenotype where the leaf color of the mutant turned green after 2 weeks growth. The ultrastructure of the chloroplast in the 7-and 14-day-old mutant and WT plants was examined with a JEM-1010 EX electron microscope (JEOL). In 7-day-old seedlings, the mutant leaves had fewer chloroplast-containing cells, and abnormal chloroplasts with irregular shape and smaller size than those of the WT ( Fig. 2B ), while in 14-day-old seedlings chloroplast-containing cells developed ( Fig. 2C ). The chloroplasts in WT plants displayed well developed lamellar structures equipped with normally stacked grana, thylakoid membranes and regularly shaped starch grains. In contrast, some mesophyll cells in 7-day-old mutant plants were found to contain undifferentiated chloroplasts. The thylakoid boundaries in the mutant were vague and granal stacks had less dense and regularly shaped starch grains and granal membranes compared with those of the WT ( Fig. 2D ) . In 14-day-old plants, the ultrastructure of chloroplasts was indistinguishable between the mutant and the WT ( Fig. 2E ).
Cloning and identifi cation of SPP
For genetic analysis, the mutant was crossed with the Japonica rice Nipponbare. The spp locus was initially mapped to the long arm of chromosome 6 between two simple sequence repeat (SSR) markers, RM7434 and RM5371, using 30 F 2 mutant plants. For fi ne mapping, four more SSR markers were analyzed between RM7434 and RM5371, using 198 F 2 mutant plants. The spp locus was fi ne-mapped to an approximately 80 kb region between RM20424 and RM20417 in the bacterial artifi cial chromosome (BAC) AP004680. According to the annotation information ( http://www.tigr.org/tdb/e2k1/osa1/ ), 10 putative genes in this region were found ( Fig. 3A ). The 10 genes were then amplifi ed from both WT and mutant plants for sequencing. Sequence analysis revealed a 3 bp deletion in the SPP (Os06g41990) open reading frame (ORF) in the mutant. Alignment of the cDNA with the genomic DNA sequences revealed that the gene contains 23 introns and 24 exons, and the 3 bp deletion occurred in exon 17 ( Fig. 3B ) . SPP encodes 1,246 amino acids with a predicted molecular mass of 139 kDa. The search for conserved domains of SPP in the National Center for Biotechnology Information (NCBI) database indicates that the SPP contains three conserved domains ( Fig. 3C ). The fi rst peptidase M16 domain (amino acids 212-314) is the active peptidase and the zinc-binding motif, His-X-X-Glu-His, which is the signature of the metallopeptidase family ( Becker and Roth 1992 ) . The other domains are two peptidase_m16_c structures (amino acids 348-585 and 916-1,140). The two domains hold the substrate like a clamp, indicating that these regions play an important role in processing substrates. The Glu945 deletion in the spp gene product occurs in the second peptidase_m16_c region. Amino acid sequence alignments revealed that the deleted glutamic acid is largely conserved in the compared plants ( Fig. 3E ). These results imply that the glutamic acid deletion in SPP might impair its function.
We then analyzed the possible phylogenetic relationships between SPP and its related proteins from several plants, The result indicated that the homologs of SPP from dicots, such as Arabidopsis and pea, were clustered in a clade, while the SPPs in monocot plants clustered in another clade ( Fig. 3D ).
Peptidase_M16
Peptidase_m16_c aa :916-1140 aa :348-585 aa :212-314 
Complementation test for SPP function and Western blot
Transgenic plants were developed for a complementation test for the function of SPP. The WT full-length ORF of SPP was cloned into the pCAMBIA 1300 vector under the control of the caulifl ower mosaic virus (CaMV) 35S promoter (named 35S:: SPP ). The 35S:: SPP construct was then transformed into callus generated from the mature embryos of the spp mutant.
More than 10 independent transgenic T 0 lines displayed the same phenotype as the WT. Morever, the levels of chlorophyll in overexpression lines were slightly higher than those of WT plants, but there is no signifi cant difference between WT and overexpression lines ( Fig. 4F ). The phenotypes of two independent T 1 lines indicated by Southern blotting and reverse transcription-PCR (RT-PCR) analysis are shown in Fig. 4 . The results confi rm that the mutant phenotype is caused by the loss of function of SPP. The protein level of the small subunit of Rubisco (RbcS) and the function of SPP to process the precursor of RbcS were analyzed by Western blot ( Fig. 4G ). The result showed that the protein level of RbcS was signifi cantly reduced in the spp mutant and highly induced in the overexpressor plants, compared with WT plants. The results also indicated that the SPP from the mutant cannot completely remove the transit peptidase of the RbcS, and two vague bands, pre-RbcS and mature RbcS, were detected in the spp mutant. However, only the production of mature RbcS was observed in both WT and overexpression lines. After 2 weeks, the processing activity of RbcS in the spp mutant is restored and similar to that in WT plants ( Fig. 4G ). These results indicated that the glutamate deletion in the mutant affects not only the protein level of the SPP substrates but also the ability of SPP to process the substrates.
Expression pattern of SPP
Semi-quantitative RT-PCR analysis was performed to investigate the expression pattern of SPP in different tissues. The results showed that SPP was expressed in all the tested tissues, with a similar level in the spp mutant and the WT, and with higher expression levels in chloroplast-containing green tissues ( Fig. 5A ) . SPP mRNAs also accumulated in roots. No signifi cant change in transcript levels was observed in the WT and the spp mutant shoots of 7-and 14-day-old plants ( Fig. 5B ) . Furthermore, no differences in SPP mRNAs were observed when the WT and spp mutant plants were grown under light and dark conditions ( Fig. 5C ).
To investigate further the expression pattern of SPP , a 2.9 kb upstream DNA of SPP containing 526 bp of the coding region was fused to the β -glucuronidase (GUS) reporter gene. This chimeric gene cassette was introduced into the WT plant via Agrobacterium -mediated transformation. Histochemical staining for GUS activity showed that SPP was expressed in the root meristem zone, the vascular cylinder tissue of primary roots and LRs, anthers and lemma veins, leaf blades, the leaf sheath and the lemma vein ( Fig. 5D, a-f ). The result is in accordance with those from semi-quantitative RT-PCR.
Subcellular localization of SPP
SPP was predicted to be primarily chloroplast localized based on the presence of a putative transit peptide of 136 amino acids ( Stefan et al. 2006 ) . To confi rm the SPP localization, a P35S::SPP::GFP construct and the control construct P35S::GFP were transformed into tobacco leaves to investigate the intracellular localization of a transiently expressed GFP fusion protein. As shown in Fig. 6 , green fl uorescence from the P35S::SPP::GFP fusion protein matched the pattern of the red chlorophyll autofl uorescence in the chloroplast of tobacco leaves ( Fig. 6A-F ). As shown in Fig. 6 , in the tobacco leaves with GFP alone, the green fl uorescence was present in the cytoplasm ( Fig. 6A-C ) . In contrast, green fl uorescence from the SPP::GFP fusion protein matched the pattern of the red chlorophyll autofl uorescence in the chloroplast, which was confi rmed by the merging of the two images ( Fig. 6D-F ) . These results indicated that SPP was a chloroplast protein.
Quantitative RT-PCR analysis of genes for chloroplast development and targets of SPP
Chloroplasts development is coordinately regulated by both plastid and nuclear genes. To investigate further the effect of spp mutation on chloroplast development, we analyzed the transcript levels of three nuclear-and three chloroplast-encoded genes associated with chloroplast development in WT, mutant and SPP -overexpressing plants ( Fig. 7 ) . In 7-day-old plants, the three RbcS nuclear-encoded genes ( Hanley-Bowdoin and Chua 1989 ) and two LHCP genes ( Cab1R and Cab2R ) ( Leutwiler et al. 1986 ) were reduced in the mutant ( Fig. 7A ) , and Cab1R and Cab2R were highly induced in the transgenic plants overexpressing SPP ( Fig. 7C ) . The three chloroplast-encoded genes ( Liere and Maliga 1999 ) , the D1 protein of PSII ( PsbA ) ( Liere et al. 1995 ) , PsaA (encoding the PsaA protein of PSI) and the large subunit of ribulose-bisphosphate carboxylase/oxygenase ( RbcL ), were signifi cantly reduced in the spp mutant ( Fig. 7A ) . It is notable that in 14-day-old plants, the expression levels of these genes were similar to those in WT plants ( Fig. 7B ) . These results suggest that the mutated SPP affects the levels of a broad range of mRNAs of imported precursors targeted to the chloroplast in young seedlings, but not at a later growth stage.
Discussion
The function of the SPP in the chloroplast import pathway in vivo has been demonstrated by the down-regulation of SPP in transgenic plants using an antisense cDNA construct in dicots ( Wan et al. 1998 , Zhong et al. 2003 . In this study, we provide the fi rst report of SPP function in monocot rice. Our results indicate that mutated SPP impairs chloroplast development at the early seedling stage and inhibits root growth during the whole growth period. Richter and Lampe (2003) carried out a deletion analysis of SPP protein. Their results demonstrated that the structural integrity of the entire SPP protein is required for it to adopt an active conformation. Only the N-terminal SPP did not yield an active enzyme, indicating that the C-terminus of SPP confers an important feature for its activity ( Richter and Lamppa 2003 ) . The search for conserved domains of SPP indicates that peptidase M16 of the SPP consists of two structurally related domains.
One is the active peptidase, whereas the other two domains hold the substrate like a clamp ( Fig. 3C ) . In this study, we show that a glutamic acid deletion (Glu945) in the C-terminus of SPP caused the strong pleiotropic phenotype in rice. The glutamic acid is largely conserved in the second peptidase_m16_c inactive region (amino acids 916-1,140) of SPP in the monocot rice and several dicots, suggesting that SPP shares a conserved function between the monocot rice and dicots ( Fig. 3D ) . Chloroplast development is tightly regulated by the coordinated expression of plastid-encoded and nuclear-encoded genes during leaf development. The precise coordination of gene expression through two-way signaling between plastids and the nucleus is essential for chloroplast biogenesis in plant cells ( Mandel et al. 1996 , Koussevitzky et al. 2007 ). The nuclear genes must adjust their expression according to the state of the organelle. Studies of several mutants with developmentally arrested chloroplasts have revealed that expression is altered for nuclear-encoded endosymbiotic organellar proteins ( Leister 2005 , Liu and Butow 2006 ) . Through retrograde signaling, the nucleus recognizes the functional or physiological state of the organelles. Porphyrins and reactive oxygen species (ROS) are chloroplast signaling molecules that regulate transcription of the chloroplast-targeted genes ( Larkin et al. 2003 , Baier and Dietz 2005 ) . It is known that the precursors of Cab1R, Cab2R and RbcS can be cleaved by SPP ( VanderVere et al. 1995 , Schunemann 2004 ). Here, we showed that the expression of the nuclear-coded genes Cab1R , Cab2R and RbcS was downregulated in 7-day-old mutant seedlings but not in 14-day-old seedlings, and Cab1R and Cab2R are strongly up-regulated in transgenic plants overexpressing SPP ( Fig. 7 ) . However, it was not clear whether the reduced expression of these genes might be an indirect consequence of abnormal chloroplast development, or, even more plausibly, of the feedback regulation by plastid signals, because the glutamate deletion of SPP might affect the ability to process the precursor proteolytically. Elucidation of the mechanism would provide greater understanding of the cellular signaling and feedback mechanisms between the nucleus and chloroplast.
It is known that Psb , PsaA and RbcL are plastid-encoded photosynthesis-related genes ( Liere and Maliga 1999 ) . Several lines of evidence have demonstrated that the chlorotic phenotype is closely associated with a reduced level of plastidencoded genes at an early stage of chloroplast development ( Loschelder et al. 2006 , Chateigner-Boutin et al. 2008 ). In our case, the expression levels of the three genes are remarkably repressed in the spp mutant in 7-day-old plants but not also in 14-day-old plants ( Fig. 7 ) . Considering that SPP is a singlecopy gene in Arabidopsis ( Zhong et al. 2003 ) and in rice ( International Rice Genome Sequencing Project 2005 ), we reason that these genes for later chloroplast development may be regulated by different factor(s), or the mutation of the SPP in this case only results in partial loss of function of SPP and the accumulation of the targeted proteins may be higher at a later growth stage, although the expression level of SPP is similar in leaves of 7-and 14-day-old plants ( Fig. 5B ). Histochemical analysis of SPP expression using pSPP::GUS transgenic lines showed GUS staining in root meristem zones, the vascular cylinder tissue of primary roots and LRs, the leaf and the lemma vein ( Fig. 5 ) . Our results indicated that SPP was a chloroplast protein. Protein subcellular localization prediction by SignalP3.0 ( http://www.cbs.dtu.dk/services/SignalP/ ) indicates that SPP is targeted to the chloroplast and other plastids, which is consistent with an earlier report using anti-145/14F3kDa antibodies to look for SPP, an immunoreactive protein of about 145 kDa ( VanderVere et al. 1995 ) . The spp mutant showed inhibited root growth during the whole growth period, indicating that SPP also functions in development of other plastids, which are involved in root elongation and initiation of LR primordia. Further genetic investigation is required for further understanding of the pleiotropic functions of SPP in rice.
Materials and Methods
Plant materials and growth conditions
The rice spp mutant was isolated from an EMS (Shanghai, China)-generated rice mutant library ( O. sativa L. indica cv. Kasalath) in a solution culture. Hydroponic experiments were performed using normal rice culture solution ( Yoshida et al. 1976 ) . Rice plants were grown in growth chambers at 30/22 ° C (day/night) after germination. Humidity was controlled at approximately 60 % .
Histology and methylene blue staining analysis
Stem bases of 3-day-old seedlings were fi xed with FAA fi xation solution at 4 ° C overnight, dehydrated and embedded in paraffi n (Paraplast Plus; Sigma, St Louis, MO, USA). Sections (8 µm thick) were cut with a microtome (Microm HM325; Walldorf, Germany) and stained with hematoxylin. Sections were observed under a bright-fi eld microscope (Zeiss Axio Cam HRC; Oberkochen, Germany). The methylene blue staining of seminal roots was performed as described ( Wang et al. 2006 ) . The LR primordia, root tips, hairs and surface were examined and photographed using a Leica MZ95 stereomicroscope with a color CCD camera (Wetzlar, Germany).
Chlorophyll analysis
The leaves of 7-and 14-day-old seedlings were harvested, weighed and ground in liquid N 2 for chlorophyll extraction with 95 % ethanol. Total chlorophyll ( a + b ) contents were calculated as described ( Lichtenthaler 1987 ) .
Transmission electron microscopy (TEM) analysis
TEM analysis was carried out as described previously ( Inada et al. 1998 ) with minor modifi cations. Briefl y, segments of leaf tissues from 7-and 14-day-day old seedlings were fi xed overnight at 4 ° C in 2.5 % glutaraldehyde in phosphate buffer (pH 7.2), then washed three times for 30 min in phosphate buffer. The samples were then post-fi xed with 1 % OsO 4 for 24 h at room temperature and washed twice with phosphate buffer. The samples were dehydrated in a gradient acetone series, and fi nally embedded in pure Spurr's resin, after polymerization at 70 ° C for 24 h. Ultrathin sections were prepared with a diamond knife on an ultramicrotome and then mounted on Formvar-coated copper grids. The sections on the grids were next stained with 2 % (w/v) uranyl acetate for 5 min and with Reynolds' lead citrate for 2 min at 25 ° C, and then examined with a JEM-1010 EX electron microscope (JEOL;Tokyo, Japan).
Map-based cloning and phylogenetic analysis
For map-based cloning of the SPP gene, 198 F 2 mutants were selected from an F 2 population derived from a cross between the spp mutant and Nipponbare ( O. sativa L. japonica ). SSR markers on chromosome 6 were used for fi ne mapping. The SPP gene was selected out of the 10 putative genes on an approximately 80 kb region as a candidate gene. Genomic DNA and cDNA of the gene were amplifi ed by PCR and RT-PCR from the spp mutants and WT plants for sequence analysis.
A BLAST search was performed to identify the homolog of SPP (NCBI Genbank). The predicted protein sequences from these homologs were aligned with ClustalX, clustered and a phylogenetic tree was constructed using default settings of MEGA 2.1 ( Kumar et al. 2001 ) . Bootstrap analysis was performed using 1,000 trials.
Southern blot analysis of transgenic plants
Genomic DNA was isolated using the SDS method ( Murray and Thompson 1980 ) and was digested with two restriction enzymes Eco RI and Hin dIII. A 5 µg aliquot of digested DNA was separated on a 0.8 % agarose gel. After electrophoresis, the digested DNA was transferred to a Hybond-N + nylon membrane (Amersham Pharmacia; Finland, Helsinki) and hybridized with a digoxigenin-DNA-labeled hygromycinresistant gene probe. The blots were washed at 65 ° C under stringent conditions and analyzed using Typhoon-8600.
Construction of vectors and plant transformation
For complementation of the spp mutants, a 3,931 bp cDNA fragment of the WT containing the SPP ORF was cloned into a binary vector, modifi ed pCAMBIA 1300 driven by the CaMV 35S promoter, by using the Kpn I and Sal I sites. The transformation was conducted through Agrobacterium tumefaciens (strain EHA105)-mediated transformation as described by Chen et al. (2003) . For the SPP promoter:: GUS construct, a 2,936 bp promoter containing 526 bp of the coding region of the SPP gene was amplifi ed using a PCR approach and inserted into the 5 ′ end of the GUS reporter gene in pBI101 ( Liu et al. 2005 ) to create a vector of GUS driven by the SPP promoter. The constructs were transformed into calli developed from WT plant (Kasalath) seeds through A. tumefaciens (strain EHA105)-mediated transformation. To generate a GFP-tagged SPP fusion protein (P35S::SPP::GFP) for transient expression in tobacco leaves and onion epidermal cells, SPP cDNA was amplifi ed by PCR and introduced into vector 35S::sGFP at the Kpn I and Sal I sites, which encodes a synthetic GFP (sGFP) under the control of a constitutive CaMV 35S promoter, creating a C-terminal GFP fusion. The constructs were introduced into Nicotiana benthamiana leaves with A. tumefaciens (strain EHA105)-mediated transformation. All primers used for construction vectors are given in Supplementary Table S2 .
Agro-infi ltration procedure and GFP imaging
Agro-infi ltration for transient protein expression in N. benthamiana leaves was performed ( Voinnet et al. 2003 ) . Briefl y, A. tumefaciens strain EHA105 carrying binary constructs was grown to stationary phase at 28 ° C in YEP medium. Bacterial cells were collected by centrifugation at 3,000 × g for 15 min at room temperature, and resuspended in 10 mM MES (pH 5.7), 10 mM MgCl 2 and 150 mg ml − 1 acetosyringone. For co-infi ltration, Agrobacterium cultures carrying various constructs were mixed at an equal ratio and left for 3 h at room temperature before infi ltration. Leaves of 5-week-old N. benthamiana plants were infi ltrated with the bacterial cultures through the abaxial air spaces. The tobacco leaves were assayed for fl uorescence 2 d after infi ltration. Fluorescence from GFP and autofl uorescence from chlorophyll was observed under a Zeiss LSM 510 confocal/multiphoton microscope.
RNA isolation and RT-PCR analysis
RNA was extracted using the TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and used for reverse transcription using Superscript II (Invitrogen, Carlsbad, CA, USA). First-strand cDNA was synthesized from total RNA and used as the RT-PCR template. RT-PCR was performed using gene-specifi c primers for SPP forward (5 ′ -GAGAGGAAACATAATGAC-3 ′ ) and reverse (5 ′ -GGCATTTGTCTTTGTCT-3 ′ ). Amplifi cation of actin cDNA was performed as a control. The amplifi cation was performed as follows: one cycle of 2 min at 95 ° C, and 30 cycles of 30 s at 94 ° C, 30 s at 58 ° C and 30 s at 72 ° C. PCR products were analyzed on 1.2 % agarose gels. Ethidium bromide-stained PCR products were quantifi ed using an Imager FR-200.
Immumoblot analysis
The concentration of extracted total soluble proteins was determined with Bradford's assay. After boiling for 5 min, equal protein samples were separated by 15 % SDS-PAGE and transferred to a Hybond-ECL nitrocellulose membrane (Amersham Biosciences, http://www.amersham.com/ ; Piscataway, NJ, USA). The membranes were blocked and incubated with primary and secondary antibody (a mouse monoclonal antiserum against rice Rubisco small subunit protein, 1 : 1,000; secondary antibody, 1 : 10,000). The bands were visualized by enhanced chemiluminescence reagents (Santa Cruz Biotechnology; Santa Cruz, CA, USA) and exposed on X-ray fi lm.
